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Potential energy surface calculations have predicted the existence of the island of 
triaxial strongly deformed (TSD) nuclei with N~94 and Z~72. Experimental discoveries 
,164,165of TSD bands have been first reported in 163 Lu. Subsequent calculations indicated 
164,166that Hf would be the most favorable even-even nuclei in the island region for 
finding low-lying TSD structures. However, experimental investigation of Hf nuclei 
performed with Euroball and Gammasphere produced negative results on the two nuclei. 
In the Gammasphere experiment three TSD bands were discovered in the main reaction 
product 168 Hf. This success motivated an extension of the search for TSD bands in the 
region to heavier Hf-isotopes and neighboring Lu-isotopes. 
In order to search for TSD bands and the characteristic wobbling mode in 
167,168 48Lu, the experiment using 123 Sb ( Ca, xn) reaction was performed in Lawrence 













acquired in the experiment, a new level structure for 168 Lu was developed. Compared to 
level schemes in previous work, previously observed bands were extended to higher 
spins. Four new bands were assigned to 168 Lu for the first time, and one of them was 
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Potential energy surface calculations with different methods [1-2] have predicted 
the existence of an island of triaxial strongly deformed (TSD) nuclei with N~94 and 
Z~72. These predictions have led to extensive experimental searches for TSD nuclei in 
this region. Experimental discoveries of TSD bands have been first reported in 
163,164,165 Lu, with four bands in 163 Lu [3,4], eight in 164 Lu [5] and two in 165 Lu [6]. 
Subsequent calculations [7] indicated that 164,166 Hf would be the most favorable even-
even nuclei in the island region for finding low-lying TSD structures. However, 
experimental investigation of Hf nuclei performed with Euroball [8] and Gammasphere 
[9] produced negative results for these two nuclei [10]. In a subsequent experiment, three 
TSD bands were discovered in the main reaction product 168 Hf [11]. This success 
motivated an extension of the search for TSD bands in the region of heavier Hf-isotopes
and neighboring Lu-isotopes. The search produced negative results for 169 Hf [12], but 
,174 ,162positive results for 170 Hf [13,14], 161 Lu [15] and 167 Lu [16,17]. Large deformation 
was confirmed by lifetime experiment in 163 Lu [4] and 168 Hf [11], and triaxiality was
confirmed by the discovery of wobbling modes in 163 Lu [4], 165 Lu [6] and 167 Lu [16]. In 
addition, a superdeformed band in 154 Er, with properties resembling those of TSD bands 
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          Number of TSD bands observed 
          Number of TSD bands connected to normal deformed (ND) bands       
1 (1) 


































     
 

















in the Lu-Hf region, was reinterpreted as a TSD band [18]. To summarize information, all 
the TSD bands identified is shown in Figure 1.1. 
A theoretical understanding of the triaxial superdeformed bands in 168 Lu requires
a basic theoretical knowledge of TSD bands. Therefore, a brief review of the related 
knowledge is given as a theoretical background in Chapter II. 
In order to understand the properties associated with alignment, band-crossing 
and signature-splitting in doubly-odd nucleus 168 Lu, two experiments were performed 
previously. 
3(0) 1(0) 4(0) 
10 −3 
162 Hf 163 Hf 164 Hf 165 Hf 166 Hf 167 Hf 168 Hf 169 Hf 170 Hf 171 Hf 172 Hf 173 Hf 174 Hf 
1(0) 1(0) 4(4) 8(2) 2(2) 4(3) 1(1) 
10 −1 10 −1 10 −2 10 −2 10 −2 
161 Lu 162 Lu 163 Lu 164 Lu 165 Lu 166 Lu 167 Lu 168 Lu 169 Lu 170 Lu 171 Lu 172 Lu 173 Lu 
90 91 92 93 94 95 96 97 98 99 100 101 102
Figure 1.1: Overview of TSD bands for Lu and Hf nuclei [3-6, 13-17, 19] 












Ha et al. performed an experiment using the reaction 13 C( 159 Tb,4n) 168 Lu at a 
beam energy of 58.5 MeV and obtained the level scheme for 168 Lu shown in Figure 
1.1[20]. As a result, two rotational bands with suggesting signature splitting were 
revealed. Band A was identified as built on the configuration
π 7 / 2+ [404] ⊗ v5 / 2+ [642]. One weak γ ray decaying from band B to band A was 
tentatively placed (Refer to dashed lines in Figure 1.1). In a more detailed study, Katoch 
et al. used the 15 F (154 Sm, 5n) 168 Lu reaction at a beam energy of 96 MeV to construct 
the level scheme shown in Figure 3.2. Based on this experiment, πh11/ 2 ⊗ vi13 / 2  and
πh11/ 2 ⊗ vi13 / 2 were proposed for bands B and C. In this new level scheme, the tentative 
γ ray between band B and band A in previous work was not seen. The intensities of all 
transitions were given for the first time. As indicated in these works, none of the linking 
transitions between the band-heads and the ground states was established. All spin and 
parity assignments were based on systematics of nuclei in this region, and thus should be 
considered tentative. 
In order to give a more detailed study in the high spin states of 168 Lu and to 
search TSD bands in 168 Lu, an experiment was performed at Lawrence Berkeley National 
Laboratory (LBNL) using the reaction 48 Ca(123 Sb, xn) with a beam energy of 203 MeV. 
167 Lu and 168 Lu were populated with the intensities of 83% and 13%, respectively. 
Prompt γ rays were observed using the Gammasphere spectrometer array, which consists
of 100 Compton-suppressed, high-purity germanium (HPGe) spectrometers. Detailed 
































































































The 168 Lu reaction channel is a minor reaction product, so its intensity is weaker 
compared to that of 167 Lu. To enhance this reaction channel and other minor reaction 
channels, special techniques have been employed in the subsequent off-line data analysis. 
For example, a 3-dimensional cube and a 4-dimensional hypercube have been created to 
analyze the γ -ray coincidence relationships. As a result, all previously observed bands 
[20,21] were extended to higher spins, e.g., the πh11/2 ⊗νi13/2 band was extended from 
11 −  to 45 − . In addition, another 4 new bands were observed and assigned to this nucleus. 
Two of these have been linked to previously known structures. In the low energy region,
the tentative γ ray of 106.5 KeV between band B and band A in Ha’s work was not seen.
Angular distribution and directional correction of oriented nuclei (DCO) ratio 
measurements were carried out for the spin and parity assignments. Detailed information
on the analysis techniques and results are given in Chapter IV. 
One of the four newly observed bands has been identified as a triaxial 
superdeformed (TSD) band based on its large dynamical moment of inertia, similar to 
that of TSD bands in the neighbouring Lu isotopes, and on its alignment pattern. This 
TSD band has been firmly linked to the normal deformed structures. All 10 bands have 
been studied in terms of the alignments and moments of inertia. Detailed information on 



















 THEORETICAL BACKGROUND 
2.1 TSD BANDS AND WOBBLING MODE 
A family of rotational bands with the characteristics of triaxial superdeformed 
,164,165,167(TSD) structures has been observed in several Lu isotopes 163 Lu [3-6,16-17] and 
168 Hf [11]. All these bands have similar dynamic moments of inertia which are larger 
than those of bands built on normal deformed (ND) structures in the same nuclei. The
large deformation ( β 2  or ε 2 ) of these bands are caused by the strongly deformation-
driving proton i13 / 2 orbital. On the other hand, all the TSD bands have large triaxiality, 
which is caused by a pronounced shell gap near N=94 in the neutron system at large γ 
values [6]. Here two new parameters, γ  and ε are introduced. The parameter ε 
indicates the elongation (or flattening) of the potential, while γ describes its nonaxiality. 
In the absence of rotation, the γ value between 0 o (prolate ellipsoidal shape) and
60 o (oblate ellipsoidal shape) is enough to describe the potential. However when nuclear 
rotation is involved, one has to use at least three sectors (-120 o ≤ γ ≤ 60 o ) to describe the 
triaxiality. 
Theoretical calculations with the “Ultimate Cranker” code (UC) [22], based on a





























structures for nuclei with Z~72 and N~92-98 in the total energy surfaces with quadrupole 
deformations of ε 2 ~0.4 and triaxialities of γ ~ ± 20ο . In general, the local minima with  
Figure 2.1: Total energy surface for 167 Lu  at I=89/2 h 












positive values of γ are found at lower energy than that of negative γ . Figure 2.1 shows 
°together with the local triaxial superdeformed (TSD) minima at ε 2 ~0.4 and γ ~20 . At
this spin, a TSD minima at γ ~-20 ° is not well developed. 
Generally, it is very difficult to find direct experimental evidence of triaxiality.
The identification of one band as a triaxial superdeformed (TSD) band is based on the 
comparison of measured band properties to the generally known characteristics shared by 
the known TSD bands: 
1. Long sequences of transitions with nearly equal energy difference; 
2. Nearly equal energy spacing within each TSD band; 
3. The transition intensity increases with decreasing energy until a constant value
is reached before a sudden decay out of the lowest levels; 
4. Large deformation derived from lifetime measurements where such
measurements are possible; 
5. Or the wobbling mode revealed by the electromagnetic properties of the 
interband transitions as found in 163,165,167 Lu [3,4,6,16,17]. 
Two unique but substantially different effects of triaxiality are chiral twin bands 
and the wobbling mode. Chiral twin bands are related to the orientation of the angular 
momentum vector relative to the three different intrinsic principal axes of the nucleus,
and require an orientation different from any of these axes. The wobbling mode is 
uniquely related to a stable triaxial deformation with moments of inertia J x >> J y ≠ J z . 
Its classical analog is the spinning motion of an asymmetric top. In the high-spin states, 






















wobbling degree of freedom results in sequences of bands with an increasing number of
wobbling quanta, nw =0, 1, 2…. The wobbling phonon energy is defined as: 
hω = hω (J − J )(J − J ) /(J J ) x y x z y z  (2-1)w rot
with hω = I / J . The existence of aligned particles favors a particular (triaxial) shaperot x 
and produces a unique pattern of electromagnetic transitions between the bands in 
competition with the in-band decay, as seen in Figure 2.2. 
Although the nuclear wobbling mode was predicted more than 25 years ago,
evidence for wobbling was first discovered in 163 Lu only last year [4,24]. 
Figure 2.2: Schematic wobbling pattern in the absence of aligned particles simulated  















2.2. SIGNATURE AND PARITY 
A common property in nuclear physics is the invariance of Hamiltonians with 
respect to space and time inversions, i.e., the invariance with respect to the parity and the 
time-reversal transformations [25]. The time-reversal invariance means that the single-
particle energy levels are doubly degenerate. Further invariance properties depend on the 
space symmetry of the nuclear potential. In general, the potential is neither spherically
symmetric nor axially symmetric. However, an important class of nuclear potentials
exhibits invariance with respect to rotation through 180 ° about the three principal axes of
the system. The corresponding rotation operators are given by: 
RK = exp(−iπjk ) k =1,2,3       (2-2)  
Here k labels the nuclear axes. The finite symmetry group formed by the three rotation
operators is called D 2 . 
Now take the rotation into account, the cranking Hamiltonian can be defined by: 
H ω = H - hωJ1  (2-3) 
where H denotes the nuclear Hamiltonian, J1 the component of the total nuclear angular 
momentum along the rotation axis, and ω the angular velocity. Because J1  changes sign 
under time-reversal, the cranking Hamiltonian is not invariant, and therefore the 
degeneracy of the two signatures is removed. Consequently, the remaining symmetries 
are the invariance with respect to space reflection and to the transformation described by 
° the operator R1 , i. e., rotation through 180 about the 1-axis. Thus any state υ , which is 
π (v)an eigenstate of the cranking Hamiltonian, can be unambiguously labeled by parity 
and signature r1 (v)  as defined by 
 


















r1 (v) = exp{−iπα (v)}        (2-4)  
The quantum number r1 is called the signature of the state of the cranking Hamiltonian. 
However, since the signature exponent α is an additive quantity so that the total 
signature exponent is easy to calculate from the individual contributions. Therefore the
signature exponent α is more convenient and often used instead of r1 . Signature and 
parity are the only two good quantum numbers under rotational motion. 
2.3 QUASIPARTICLE EXCITATION AND BAND-CROSSING 
In the spin range between 10 and 20 h , an anomaly is observed in the yrast band
of many nuclei. It can be easily demonstrated if one plots the aligned angular momentum 
ix (the angular momentum along the rotational axis) as a function of rotational frequency 
hω . Figure 2.3 gives an example for such curves where ix  is defined by: 
2 2 2ix = I (I +1) − K ~ (I +1/ 2) − K  (2-5) 
The projection K of the total spin onto the symmetry axis is set to be equal to the
bandhead spin. The angular rotational frequency is defined by 
dE(I )
hω =  (2-6)
d I (I +1) − K 2 
For a rotational band of stretched E2  transitions, this equation can be written as 
E(I ) − E(I − 2)
hω =  (2-7)




























For low rotational frequencies, the alignment is indeed a smooth curve (part I). 
However, a very steep increase occurs for certain hω values, the curve even bending
backwards. This phenomenon is called backbending or band crossing [25,26]. This means 
Figure 2.3: Alignment as a function of the rotational frequency 












∆EI ,I −2 hωthat the transition energy , which is expected to increase linearly with 
decreases instead. 
This phenomenon can be easily understood through the crossing of two bands. In 
Figure 2.3, if we connect part I and part II, there is no such phenomenon, and the
alignment increases smoothly with frequency. However, normally the intensity of the
rotational band corresponding to part III is much stronger than that of part II, and in most 
cases, part II is too weak to be observed, so that experimentally it is easier to observe the 
band corresponding to part III. 
How does one interpret the nature of the second band corresponding to part III 
theoretically? The widely accepted interpretation is that the second band is the result of a
point of instability in the quasiparticle vacuum with respect to the two-quasiparticle
excitation. At a certain critical frequency, a neutron pair is broken resulting in a 2-
quasineutron (2-qn) excitation. With these two quasiparticles aligned along the axis of 
rotation, there is a sudden alignment gain from part I to part III, while part II is the real
extension of part I. To what extent these quasiparticles are aligned along the axis will 
decide the shape of the back bending. Similarly, a 2-quasiproton (2-qp) excitation will 
result if a proton pair is broken. 
The total angular momentum of the nucleus comes from two parts: the angular 
momentum of the particles and that of the collective rotation. The 2-qp (or 2-qn) 
contribute a sudden gain to the total angular momentum, thus a smaller energy is required 
to keep the rotation nucleus for the same angular momentum compared to the nucleus 















excitation, so that the intensity corresponding to part III is much stronger than that for
part II. 
2.4 ANGULAR DISTRIBUTION AND ANGULAR CORRELATION 
The γ rays emitted with different multipolarities have characteristic angular 
distributions with respect to the spin axis of the nucleus. The angular distribution effect is
very distinctive and characteristic of the change in magnetic quantum number m , having 
a total of 2J +1 values from − J  to J . The angular distribution pattern can be observed 
if the ensembles of nuclei have their spins oriented in a common direction with respect to 
the beam, otherwise there will be no preferred direction for the emission of γ -rays.
Fortunately, the spins of compound nuclei are usually well aligned in a plane 
perpendicular to the beam axis, which makes it possible to measure the angular 
distribution of gamma radiation and to further deduce the spins of the states involved. 
For example, in the reaction channel 48 Ca ( 123 Sb, 3n), the angular momentum of 
the compound nucleus 168 Lu has strong spatial alignment in the plane perpendicular to 
L = r × pthe beam direction because the orbital angular momentum  between the 
incoming beam particle and the target nucleus is much larger than the spins of beam and 
target nuclei. Therefore the direction of L can be determined as illustrated in Figure 2-4.
Since the spin of compound nucleus is determined mainly by L , the compound nucleus
will be formed in a state with m ≈ 0 if the quantization axis is chosen as the beam axis. 
The angular momentum carried away by the emitted neutrons is very small compared to 
that of the compound nucleus, so that the residual nucleus is left with great alignment. 
 
   
 




















J i J fFor each γ transition from initial state to final state , the angular 
distribution function can be represented as [27]: 
W (θ ) = 1+ A P (cosθ ) + A P (cosθ )  (2-8)2 2 4 4 
where P2 (cosθ )  and P4 (cosθ ) are Legendre polynomials, θ is the angle between the
orientations of photon momentum vector and beam direction, and A2 , A4 can be found 
from Ref. [28]. 
In case of complete alignment, the angular function of equation 2-8 can be 
modified as: 
max maxW (θ ) = 1+ A P (cosθ ) + A P (cosθ )  (2-9)2 2 4 4 
where Ak =α k Ak 
max (k=2,4) and α k  is an attenuation coefficient. 






















           Compound nuclei in excited states are observed to primarily emit electric dipole
(E1), electric quadrupole (E2) and magnetic dipole (M1). Other higher-order multipole 
magnetic and electric radiations are also possible, but with decreasing probability. When 
a γ decay of mixed electric and magnetic radiation is emitted, difficulties arise in the
measurement of the angular distribution of this γ  radiation. A solution to this problem is
to measure the angular correlation of a pair of cascade gamma rays in coincidence with 
each other. For example, two γ rays are emitted sequentially, with γ 1  followed by γ 2 . 
γ 2 θ 2 γ 1 θ1Then  in direction shows the angular correlation with respect to  in direction . 
However this method is somewhat difficult to be conducted practically, because it needs 
a lot of coincidences. 







                





Fortunately, a more practical method, the measurement of ratios of directional 
correlation from oriented nuclei (DCO ratio), can be used to measure the multipolarity of 
γ rays. As illustrated in the Figure 2-5, we place two detectors in two angles: 0°  and 
90° with respect to the beam direction, the data can be used to analyze both decay scheme
and the DCO ratio. 
For example, if the detector at 90°  detects γ 1 , then the angular distribution of γ 2 
in coincidence with γ 1  is called the DCO function of γ 2 : 
W (γ (90° ),γ (θ )) ≅ 1+ A P (cosθ ) + A P (cosθ )    (2-10)  1 2 2 2 4 4 
This is equivalent to gating on γ 1 and measuring the intensity of γ 2 . When the detector
at 0o is used as the gate, we get the similar relationship: 
° ' ' ' 'W (γ 1 (0 ) gate ,γ 2 (θ )) ≅ 1+ B2 P2 (cosθ ) + B4 P4 (cosθ )  (2-11) 
The DCO ratio of the two γ  rays in coincidence is defined as: 
W (γ (90° ),γ (0° ))R(γ ,γ ) = 1 2      (2-12)  1 2 ° °W (γ 1 (0 ),γ 2 (90 )) 
























3.1 EXPERIMENT SETUP 
3.1.1 PRODUCTION
The experiment was carried out at the Lawrence Berkeley National Laboratory
(LBNL). The reaction 48 Ca( 123 Sb,xn) at a beam energy of 203 MeV was used to 
populate the nuclei of interest 166 Lu, 167 Lu and 168 Lu. A self-supporting 1mg/ cm2  target
was used. The cross sections for different reaction channels at this beam energy, as listed 
in Table 3.1, were calculated using the statistical code “EVAPOR” [31]. The experiment
lasted for about 86 hours, and a total of 2.2 billion events of 5 and higher fold were
collected. Standard 152 Eu and 133 Ba sources were placed in the target position for energy
and efficiency calibrations before the experiment.  
3.1.2 GAMMASPHERE ARRAY
Gammasphere is a spectrometer with good sensitivity to nuclear electromagnetic 
radiation due to its high resolution, granularity and efficiency. These powerful features
make it the ideal device for studying rare nuclear reaction. Gammasphere consists of an 
























mounted in 17 rings symmetric about the beam line and each detector is enclosed in a 
bismuth-germanate (BGO) Compton-suppression shield. This special shield structure is
used to detect gamma rays Compton-scattered out of the Ge crystal and then 
electronically suppresses the partial-energy pulse left in the Ge detector. The detector 
efficiency is greatly increased by this mechanism.
When the experiment was performed, there are just 100 Ge detectors in 
Gammasphere. Detailed geometries of these detectors are listed in Table 3.2. Missing 








    
 
   
   
   
   
   
   
   
   
   
   
   
 
 








123 Sb48CaTable 3.1: Calculated Cross Sections for the reaction + at a beam 
energy of 203 MeV 
Residue 
Events Percent Cross Section 
(mb) Z N Isotope
71 98 169 Lu  1 0.05 0.32 
71 97 168 Lu  355 17.75 113.69 
71 96 167 Lu  825 41.25 264.22 
70 97 167Yb  3 0.15 0.96 
71 95 166 Lu  526 26.3 168.46 
70 96 166Yb  9 0.45 2.88 
71 94 165 Lu  41 2.05 13.13 
69 96 165Tm  3 0.15 0.96 
69 95 164Tm  24 1.20 7.69 
69 94 163Tm  26 1.30 8.33 
69 93 162 Lu  1 0.05 0.32 
Total Fission 186 9.30 59.57 

























Table 3.2: Arrangement of detectors in Gammasphere 
Ring number  Angle Detectors 
1 °17.27 [1],[2],[3],[4],[6] 
2 °31.72 5,7,8,9,10 
3 °37.38 11,12,13,14,16 
4 °50.07 15,17,18,19,20,21,22,23,24,26 
5 °58.28 [25], 27,28,30, [32] 
6 °69.82 29,31,33,34,35,36,37,38,40,42 
7 °79.19 39,41,44,46,48 
8 °80.71 43,45,47,50,52 
9 °90.00 49,51, [53], 54,55,56,57,[58], 60,62 
10 °99.29 59,61,64,66,68 
11 °100.81 63,65,67,70,72 
12 °110.18 69,71,73,74,75,76,77,78,80,82 
13 °121.72 79,81,83,84,86 
14 °129.93 85,87,88,89,90,91,92,93,94,96 
15 °142.62 95,97,98, [99], 100 
16 °148.28 101,102,103,104,106 
17 °162.73 105,107,108,109,110 
Note: 1. Detectors with [] were absent in this experiment 















CONSTRUCTING THE LEVEL SCHEME OF 168 LU 
In order to perform analysis, the raw data on tapes were first transferred to a 
simplified database on the computer disk. This database only included the information on 
event fold, γ ray multiplicity, detector IDs and gamma energies. Based on the database, 
two modified RADWARE [32] programs “incub8r” and “4play” were used to create a 
three-dimensional histogram (cube) and a four-dimensional histogram (hypercube) for 
the analysis of γ ray coincidence relationships. A RADWARE automatic search routine, 
based on the idea that the high-energy γ decays belonging to the same rotational band
have nearly equal energy spacing, was used to find the new bands. More than twenty new 
bands were found. To identify whether these newly found bands belong to 168 Lu, 
coincidence spectra of the new bands were created and scanned for transitions from 
previously known bands of 168 Lu, as shown previously in Figure 1.1 and 1.2. The 
previously known level schemes of 167 Lu and 166 Lu are shown in Figure 4.1 and Figure 
4.2. They helped to determine whether new band belongs to 168 Lu. For the bands 
identified as 168 Lu, the hypercube was then used to find the linking transitions between
the new bands and the previously known bands. Based on this analysis, a level scheme of 





















































































Figure 4.3: Level scheme of 168 Lu 
(All I π  assignments are tentative, see test for more discussion) 
 
 




Figure 4.3(continued): Level scheme of 168 Lu 












− ⊗πh ν i + previously observed bands were extended to higher spins, e.g., the 11/2 13/2  band 
was extended from 11 −  to 45 − . Four new bands were assigned to 168 Lu for the first time, 
and one of them was identified as a triaxial superdeformed (TSD) band, as will be 
discussed in chapter V. It should be pointed out that the spin and parity assignments in 
this work were derived from angular distribution, DCO ratio measurements and the low-
spin states from previous work. Since the previous works were tentative, as mentioned in
Chapter I, therefore, the spin and parity assignments of current work should also be 
considered tentative. 
The ten bands, from left to right, are labeled as Band 1-10. The coupled bands, 
πh viBand 1 and Band 2, identical to Band-B in Figure 3.2, were identified as 11/ 2 ⊗ 13 / 2 . 
πh viBand 4 and Band 5 (Band-C in Figure 3.2) were assigned the configuration 9 / 2 ⊗ 13 / 2 
and Band 7 and Band 8 (Band-A in Figure 3.2) were identified as πg9 / 2 ⊗ vi13 / 2 . Based
on Bands 1,2,4 and 5, the spins and parity of Band 3 can be completely determined from 
the linking transitions. Because Band 6 is so weak, we can only determine its spin. 
Several transitions in Band 9&10 appear to be in coincidence with transitions in Band 
7&8, so it is likely that these two bands belong to 168 Lu. However, the intensity of these 
two bands is too weak to find any linking transitions and consequently the spin and parity 
of these bands are uncertain. 
In this chapter, we will discuss the coincidence relationships, alignments, angular 


























Figure 4.4: The double-gate γ -ray spectra of Band 1: 
a) gated on 555.4 and 482.5 keV. 
b) gated on 555.4 and 395.2 keV. 
Note:(bmm) means the transition belong to Band mm;
(bmm bnn) means the transition is the between-band transition and decay 














4.1 COINCIDENCE RELATIONSHIPS 
4.1.1 BAND 1
This band consists of five transitions. (See Figure 4.3-4.5) There are four inter-
band transitions from Band 1 to Band 2 and five from Band 2 to Band 1. 
Figure 4.4 (a) is based on the double gates of 555.4 and 482.5 keV both from 
Band 1. From the level scheme of Figure 4.3, we can deduce that the four inter-band 
transitions (252.0, 284.7, 270.7 and 230.4 keV) and the gates should be invisible, the 
other three γ transitions, the other strong inter-band transitions and linking 609.2-keV 
transition should be visible. In fact, the deduction is consistent with the spectrum except 
that the transition of 297.0 keV is too weak to be apparent. 
To make certain the three linking transitions of 315.9 keV (from Band 5 to Band
1), 609.2 (from Band 4 to Band 1) and 614.2 keV (from Band 3 to Band 1), three double-
gated spectra are given in Figure 4.5. Because the positions of the three linking 
transitions are the same, the coincidence spectra based on one of the above linking 
transitions and 482.5 keV should be similar. In addition, the whole of Band 1 and some
strong inter-band transitions should be very clear. 
4.1.2 BAND 2
This long band consists of 16 in-band transitions and extends from a spin of 11 to 
43. One inter-band transition (600.2 keV) links Band 5 to Band 2. This band also feeds
into Band 4 by 324.8 keV and into Band 5 by 567.6 keV. 
Figure 4.6 shows spectra obtained by setting triple gates on the lower part of Band 



























Figure 4.5: The double-gate linking transition of Band 1: 
a) gated on 315.9 and 482.5 b) gated on 609.2 and 482.5. 





























Figure 4.6: The triple-gate γ -ray spectra of Band 2: 
a) gated on 441.8, 522.7 and 581.8 keV. 



























Figure 4.7: The sum-gate γ -ray spectra of Band 2: 
a) Doubly gated on any two of the transitions in the gate list. 
b) Doubly gated on any two of the transitions in the gate list. 


























Figure 4.8: The sum-gate inter-transition spectra of Band 2: 
a) Gated on 324.8 keV and any transition in the gate list. 
















of 345.0, 634.4, 684.6 till 826.9 keV are very clear and strong. On the other hand, when
733.6, 684.6 and 634.4 keV are set as gates, the other transitions are clear and even some
inter-band transitions are visible, including 324.8 (link Band 2 and Band 4) and 567.6 
keV (link Band 2 and Band 5). As a result, some strong transitions in Band 1, Band 5 and
Band 4 can also been seen, although the intensity is weak. 
Figure 4.7 shows spectra obtained by triple-gating on the upper part of the band. 
In all three spectra based on different gates, the same peaks can be seen.  
Figure 4.8(a) is a sum of double gates 324.8/634.4, 324.8/684.6, 324.8/733.6 and 
324.8/776.6, where 324.8 is the proposed linking transition between Band 2 and Band 4, 
and the other gates belong to Band 2. In this spectrum, we can clearly see the transitions
of Band 4. The same analysis can be applied to Figure 4.8(b), which is a sum of double
gates 567.6/634.4, 567.6/684.6, 567.6/733.6 and 567.6/776.6 and 567.6 keV is the linking 
transition between Band 2 and Band 5. 
4.1.3 BAND 3
Band 3 has 13 transitions and extends from a spin of 24 to 50. It decays out into
Band 5 via transitions of 318.9 and 308.3 keV; Band 1 via a 614.2-keV γ  ray; Band 4 via 
642.0 and 656.8 keV transitions. 
The coincidence relationships of transitions in this band are displayed in Figure 
4.9. Both Figure 4.9(a) and 4.9(b) are the sum of triple-gated spectra gated on any three 
transitions of the gate shown in the figure. The transitions in Band 3 are clearly visible in
Figure 4.9. All the peaks of Figure 4.9 (a) are also visible in Figure 4.9 (b), which also 





























Figure 4.9: The sum-gate γ -ray spectra of Band 3: 
(a) Triply gated on any three transitions of gate list. 




























Figure 4.10: The sum-gate linking transition spectra of Band 3: 
(a) Gated on 308.3 keV and any two transitions of the gate list. 




























Figure 4.11: The sum-gate γ -ray spectra of Band 4: 
(a) Triply gated on any three transitions of the gate list. 










In order to identify the linking between Band 3 and Band 5 of 308.3 and 318.9 
keV, as shown in Figure 4.10. These spectra are gated on 308.3 and 318.9 keV 
respectively and any two transitions of the gate list from Band 3. For example, in Figure 
4.10 (a), the transitions from Band 3 are clearly visible. 
4.1.4 BAND 4
Band 4 includes 14 transitions and extends from a spin of 8 to 36. It decays into
Band 1 via transition 609.2 keV and to Band 3 via gamma ray 702.7 keV. There are in 
addition six inter-band transitions from Band 4 to Band 5 and seven from Band 5 to Band 
4. In all the ten bands of 168 Lu, this band is the cleanest. 
In Figure 4.11, these γ rays in Band 4 can be easily seen. Both spectra are gated
on any three transitions of the gate list from Band 4. The list of figure 4.11(a) includes 
some middle gates of this band, so that we can see clearly the upper part of this band and 
some middle transitions including the linking transition of 702.7 keV. The linking 
transition of 609.2 keV can be identified from Figure 4.5 (b). Figure 4.11(b) focuses on 
the lower part of this band and the transitions of this band are also clear in this figure. 
Figure 4.12 (a) is a spectrum double-gated on 650.8 (linking transition from Band 
3 to Band 4) and 481.7 keV (from Band 4). The 481.7-keV transition is cleaner compared 
to the other transitions of this band, thus the spectrum is very clean. Strong transitions are 
visible at 218.0, 303.2, 393.1, 564.3, 642.0, 687.8 and 725.8 keV. 
Figure 4.12 (b) is a spectrum double-gated on 303.2 and 218.0 keV (both are 





















5, some transitions of Band 5 (438.8, 513.1, 586.0 keV) and some inter-band transitions
between these two bands are also visible.
4.1.5 BAND 5
Band 5 includes seven decays, and this band decays from Band 3 by two linking
transitions of 308.3 and 318.9 keV. It also includes seven inter-band transitions decaying
from Band 5 to Band 4 and five from Band 4 to Band 5. 
Figure 4.13 (b) is a spectrum double-gated on 276.0 and 194.4 keV from Band 5. 
Most transitions of Band 5 and Band 6 can be seen. Some transitions of Band 4 and some
linking transition between Band 3, Band 4 and Band 6 are also visible. 
Figure 4.13 (a) displays the coincidence relationships between Band 3 and Band 
5. It shows the sum of spectra gated on 513.1keV and some other transitions of Band 3. 
In this spectrum, all the transitions of Band 5 are clear. Some inter-band transitions and 
most strong transitions of Band 4 are also visible.  
4.1.6 BAND 6
Band 6 consists of a sequence of twelve weak decays and extends from a spin of 8 
to 32. This weak band decays out to Band 5 via 4 linking transitions. 
Figure 4.14 is a sum-gate spectrum of transitions proposed for Band 6. This
spectrum clearly displays the strong peaks correspond to the inter-band transitions of 
Band 6. Additional transitions belonging to Bands 4 and 5 are also visible. Two linking



























Figure 4.12: The double-gate spectra of Band 4: 
(a) Gated on 650.8 and 481.7 keV. 


























Figure 4.13: The double-gate spectra of Band 5: 
(a) Gated on 513.1keV and any transition of the gate list. 















Figure 4.15 shows a sum-gate spectrum, gated on 424.4 keV and any one from the 
gate list as listed in the figure, in order to display the two linking transitions of 502.0 and 
419.2keV between Band 5 and Band 6. 
Figure 4.16 is a summed triply gated spectrum, gated on 620.0 keV and a gate list 
from Band 6. This figure is used to confirm the placement of 620.0-keV transition. The 
transitions of 491.6, 424.4, 358.5 and 296.7 keV from Band 6 cannot be seen in this 
spectrum, thus showing that Band 6 decays out via the transition of 620.0 keV. The
placement of other three linking transitions can be confirmed by the same method. 
4.1.7 BAND 7 AND BAND 8
Band 7 consists of fifteen in-band transitions, and extends from a spin from 7 to 
37. Figure 4.17 is given to display the gamma rays of this band. Figure 4.17 (a) is a 
summed triple-gate spectrum gated on a gate list from the lower part of this band, but 
Figure 4.17 (b) focuses on the upper part. Both the gate lists belong to the same band, so 
the two spectra are similar. 
Band 8 is the partner of Band 7, and it has seventeen gamma transitions. Figure 
4.18 is given to show these transitions. To make the spectra clear, two summed spectra 
triple-gated on different gate lists from Band 8 are separated into two parts. Figure 4.18 





























Figure 4.14: The sum-gate spectrum of Band 6  































Figure 4.15: The sum-gate intra-band spectrum of Band 6 




























     Figure 4.16: Determination of these linking transitions’ positions of Band 6 






























 Figure 4.17: the triple-gate spectra of Band 7: 
(a) Triply gated on any three transitions of the gate list. 





























Figure 4.18: the triple-gate spectra of Band 8: 
(a) Triply gated on any three transitions of the gate list; 





























Figure 4.18(continued): the triple-gate spectra of Band 8: 
(c) Triply gated on any three transitions of the gate list; 














4.1.8 BAND 9 AND BAND 10
Band 9 consists of sixteen, and Band 10 of fourteen γ transitions. Between these 
two bands, there are five γ decays from Band 9 into Band 10, and four from Band 10
into Band 9. Although no linking transitions between these two bands and the other eight 
bands could be found, assignment of these two bands to 168 Lu can be made from the 
γ −γ  and the x −γ  coincidences. 
Figure 4.19(a) and (b) present the x-ray coincidence of Band 9 & 10 respectively, 
167
in addition to that of the strongest band of Lu in c. The average of the Kα1  and Kα 2  x-
ray of Lu are listed as 54.0 keV and 53.0 keV respectively [34]. From this figure, all three 
bands have the same characteristic x-ray of 54.0 keV, which tell us that Band 9 and Band 
10 belong to Lu. 
Figure 4.20 includes 2 summed triple-gated spectra. The gate list of Figure (a) is 
from Band 9, all the inter-band transitions and lower-energy transitions of Band 9 are
evident. In Figure 4.20(b), the gate list is from Band 10. The low-energy transitions in
each band are visible in both spectra. In both spectra, the transitions of 314.4, 363.2, 
408.2, 447.9, 517.8 and 573.7 keV from Band 7 & 8 are visible. From this evident, we 
propose that these two bands decay into Band 7 & 8. However, without the linking 
transitions, the assigned spin and parity are simply a best guess. Figure 4.21 focuses on 
the upper part of Bands 9 and 10, and the band members of these two bands are evident. 
Figure 4.22 is given to display the upper part of Band 9. Although the counts are very 



























Figure 4.19: the X-ray of Band 9 & 10 
(a) Doubly gated on any two transitions of the gate list of Band 10: 
(b) Doubly gated on any two transitions of the gate list of Band 9: 



























Figure 4.20: the sum-gate spectra of Band 9 and Band 10: 
( a )Triply gated on any three transitions of the gate list: 419.2, 517.2, 585.1, 
589.8, 625.3, 679.9, 734.9 and 788.6keV. 
( b )Triply gated on any three transitions of the gate list: 379.6, 467.5, 553.9, 


























Figure 4.21: the sum-gate spectra of Band 9 and Band 10(high part): 
( a ) Triply gated on any three transitions of the gate list: 419.2, 517.2, 585.1, 
589.8, 625.3, 679.9, 734.9 and 788.6 keV. 
( b ) Triply gated on any three transitions of the gate list: 379.6, 467.5, 553.9, 


























       Figure 4.22: the sum-gate spectrum of Band 9 (high part): 












4.2 MEASUREMENT OF ALIGNMENT OF THE NUCLEI 
From the theoretical background in the Chapter II, alignment information of the
nuclear spin is needed for the measurement of an angular distribution. The strongest 
bands [541]1/ 2+  and [514]9/2− of 167 Lu were selected to measure the nuclear alignment.
The experimental results determined using “onegate” and “speedco” are compared in
Figure 4.23. The procedure for the measurement is listed in Appendix A and Appendix B.  
The program “onegate” measures the angular distribution unisotropy of the 
nucleus. Then we compare it with the calculated curve to determine the alignment. 
However, “speedco” can measure the alignment and mixing ratios based on DCO ratio 
measurement [35].  
In order to see if there is any biasing to the measured angular distribution 
unisotropy by different gating conditions with the program “onegate”, a comparison is 
made between non-gated, single-gated and double-gated methods in Figure 4.24. From
this figure, we can see that the results obtained from the three approaches agree with each
other within errors. 
4.3 MEASUREMENT OF ANGULAR DISTRIBUTIONS 
Bearing the alignment of the nuclei in mind, we can start to determine the angular 
distribution. “Rebel” was selected as the appropriate program to conduct the calculation. 
Several intraband linking transitions between bands 1-6, which are very important in 
determining the spins of Band 3 and Band 4, were measured for the angular distributions. 
The procedures for the angular distribution measurements are listed in Appendix C, and 





















4.4 MEASUREMENT OF DCO RATIOS 
Although the above-mentioned method can measure the angular distribution very 
efficiently so as to determine the spins of these transitions, it is very intensity-sensitive. 
So we just use it to measure some strong key transition. DCO ratios can also be used to
determine the γ -ray’s multipolarity for some very weak transitions. The procedure of 
this measurement is listed in Appendix D, and the results are given in Table 4.2. 
Figure 4.23: Comparison of the alignment of the compound nuclei determined with  
“Speedco” and “Onegate” 
























Figure 4.24: Comparison between results of angular distribution unisotropy 
measurement from “onegate” with non-gated, single-gated and double- 
gated 
(Solid line represents non-gated; dot-dashed line represents single-gated; dotted line 
represents double-gated. To avoid overlapping, the abscissa of single-gated points are 
raised by 0.1 and those of double-gated points are lowered by 0.1. In the upper part of 
this figure, the gamma corresponding to 4.5 spin is a pure E1 transition, so the intensity 
ratio is very high.) 
 
 
     
    
   
   
   
    
    
    
    
   
   
    
    
    
    
 
 







Table 4.1: The angular distribution of some γ  decays 
Eγ (KeV) π πI → Ii f Band → Bandi f a2 / a0 Assignment Mixing
Ratio 
687.8 − −24 22 Band 3 band 3 0.27 ± 0.1 E2
676.8 − −24 22 Band 3 band 3 0.21 ±0.1 E2
318.9 − −22 21 Band 3 band 5 -1.15 ±0.06 M1
308.3 − −22 21 Band 3 band 5 -0.75 ±0.1 M1
709.1 − −22 20 Band 4 band 4 0.33 ± 0.16 E2
702.7 − −22 20 Band 4 band 3 0.32 ± 0.16 E2
656.8 − −22 20 Band 3 band 4 0.30 ± 0.06 E2
650.8 − −22 20 Band 4 band 4 0.30 ± 0.08 E2
342.5 − −21 20 Band 5 band 3 -0.51 ±0.13 M1
653.2 + +21 19 Band 7 band 7 0.33 ±0.06 E2
642.0 − −20 18 Band 3 band 4 0.40 ± 0.08 E2
600.0 + +18 16 Band 8 band 8 0.23 ± 0.08 E2
321.2 − −17 16 Band 5 band 4 -1.44 ± 0.27 M1/E2 -0.5
290.1 − −15 14 Band 5 band 4 -0.73 ± 0.08 M1/E2 -0.15
215.4 + +12 11 Band 9 band 8 0.16 ± 0.15 M1/E2 +0.2 
188.7 − −11 10 Band 5 band 4 -0.51 ± 0.12 M1/E2 -0.05 














































Table 4.2: The DCO ratios and intensities of 168 Lu 
Eγ 
(keV)
π π a)I → Ii f Iγ 
rel b) c)λ (B M , I → I −1)1 d ) 
(B E , I → I − 2)2 DCO 
Assignment e) 
Band 1 
292.0 −− →12 10 4.0 ± 0.3
0.38 ± 0.04 0.91 ± 0.10 
0.99 ± 0.08 E2 
161.2 −− →12 11 10.4 ± 0.8 0.79 ± 0.04 M1 
395.2 −− →14 12 6.7 ± 0.5
0.88 ± 0.11 0.80 ± 0.10 
0.92 ± 0.06 E2 
211.4 −− →14 13 7.6 ± 0.6 0.71 ± 0.06 M1 
482.5 −− →16 14 10.8 ± 0.9
1.22 ± 0.15 0.92 ± 0.11 
0.95 ± 0.05 E2 
252.0 −− →16 15 8.9 ± 0.7 0.65 ± 0.04 M1 
555.4 −− →18 16 15.4 ± 1.3
1.56 ± 0.19 1.02 ± 0.12 
1.04 ± 0.05 E2 
284.7 −− →18 17 9.9 ± 0.8 0.59 ± 0.05 M1 
Band 2 
130.8 −− →11 10 20.8 ± 2.9 0.75 ± 0.04 M1 
345.0 −− →13 11 12.5 ± 0.8
0.72 ± 0.07 0.75 ± 0.07 
0.97 ± 0.03 E2 
184.5 −− →13 12 17.2 ± 1.1 0.74 ± 0.03 M1 
441.8 −− →15 13 20.0 ± 1.7
1.48 ± 0.18 0.65 ± 0.08 
1.02 ± 0.04 E2 
230.4 −− →15 14 13.6 ± 1.2 0.74 ± 0.03 M1 
522.7 −− →17 15 19.5 ± 1.6
1.91 ± 0.23 0.71 ± 0.09 
1.19 ± 0.04 E2 
270.7 −− →17 16 10.1 ± 0.8 0.63 ± 0.03 M1 
581.8 −− →19 17 18.9 ± 1.6
8.79 ± 1.06 0.20 ± 0.02 
0.95 ± 0.03 E2 
























   
 
   
 
   
 
   
 



















Table 4.2(continued): The DCO ratios and intensities of 168 Lu 
324.8 −
19 
−→ 18 4.3 ± 0.3 0.69 ± 0.06 M1 
567.6 −
19 
−→ 17 8.7 ± 0.7 0.95 ± 0.07 E2 
634.4 −
21 
−→ 19 15.4 ± 1.3 1.04 ± 0.03 E2 
684.6 −
23 
−→ 21 13.5 ± 1.1 0.97 ± 0.02 E2 
733.6 −
25 
−→ 23 7.1 ± 0.6 1.01 ± 0.02 E2 
776.6 −
27 
−→ 25 6.7 ± 0.5 1.05 ± 0.03 E2 
826.9 −
29 
−→ 27 4.8 ± 0.4 1.01 ± 0.03 E2 
880.5 −
31 
−→ 29 2.6 ± 0.2 0.99 ± 0.04 E2 
936.8 −
33 
−→ 31 2.0 ± 0.1 0.90 ± 0.05 E2 
997.4 −
35 
−→ 33 1.5 ± 0.1 1.14 ± 0.09 E2 
1058.0 −
37 
−→ 35 0.8 1.35 ± 0.12 E2 
1116.8 −
39 
−→ 37 0.6 1.35 ± 0.15 E2 
1171.2 −
41 
−→ 39 0.3 1.29 ± 0.17 E2 
1220.8 −
43 
−→ 41 0.2 1.34 ± 0.15 E2 
1250.0 −
45 




−→ 18 6.5 ± 0.1 1.13 ± 0.07 E2 
642.0 −
20 
−→ 18 36.8 ± 1.7 1.04 ± 0.03 E2 
318.9 −
22 
−→ 21 5.8 ± 0.4 0.77 ± 0.06 M1 
308.3 −
22 
−→ 21 3.8 ± 0.2 0.61 ± 0.06 M1 
656.8 −
22 















































Table 4.2(continued): The DCO ratios and intensities of 168 Lu 
650.8 − −
22 → 20 6.4 ± 0.4 0.94 ± 0.07 E2 
687.8 − −
24 → 22 5.8 ± 0.4 0.91 ± 0.05 E2 
676.8 − −
24 → 22 2.8 ± 0.2 1.00 ± 0.06 E2 
725.8 − −
26 → 24 7.1 ± 0.5 1.06 ± 0.05 E2 
776.2 − −
28 → 26 6.5 ± 0.5 0.92 ± 0.05 E2 
833.9 − −
30 → 28 5.3 ± 0.4 1.00 ± 0.08 E2 
892.5 − −
32 → 30 5.9 ± 0.4 1.10 ± 0.12 E2 
950.2 − −
34 → 32 4.2 ± 0.3 0.96 ± 0.05 E2 
1006.5 − −
36 → 34 3.5 ± 0.2 1.37 ± 0.10 E2 
1061.2 − −
38 → 36 2.7 ± 0.2 1.12 ± 0.15 E2 
1113.9 − −
40 → 38 1.6 ± 0.1 1.02 ± 0.13 E2 
1161.4 − −
42 → 40 0.7 ± 0.1 1.40 ± 0.21 E2 
1209.0 − −
44 → 42 1.2 ± 0.1 1.38 ± 0.12 E2 
1250.3 − −
46 → 44 0.8 ± 0.1 1.26 ± 0.15 E2 
1287.7 − −
48 → 46 0.6 ± 0.1 1.07 ± 0.15 E2 
1333.5 − −
50 → 48 0.6 ± 0.1 1.05 ± 0.16 E2 
Band 4 
218.0 −− →10 8 39.9 ± 3.7 0.99 ± 0.07 E2 
303.2 −− →12 10 82.1 ± 7.6
7.6 ± 1.0 0.15 ± 0.02 
1.02 ± 0.04 E2 


































   
 









Table 4.2(continued): The DCO ratios and intensities of 168 Lu 
393.1 −− →14 12 100.0 ± 3.2
21.7 ± 1.1 0.09 ± 0.01 
1.03 ± 0.04 E2 
148.7 −− →14 13 4.6 ± 0.1 0.75 ± 0.06 M1 
481.7 −− →16 14 90.8 ± 4.1
53.4 ± 4.7 0.05 ± 0.01 
1.01 ± 0.04 E2 
191.4 −− →16 15 1.6 ± 0.1 0.70 ± 0.07 M1 
564.3 −− →18 16 81.1 ± 3.4
54.1 ± 5.7 0.05 ± 0.01 
0.96 ± 0.04 E2 
244.7 −− →18 17 1.5 ± 0.1 0.74 ± 0.04 M1 
636.4 −− →20 18 49.1 ± 3.8
96.3 ± 9.0 0.03 
0.52 ± 0.07 M1 
291.6 −− →20 19 0.5 9.99 ± 0.31 E2 
609.2 −− →20 18 5.1 ± 0.9 0.98 ± 0.06 E2 
709.1 −− →22 20 13.6 ± 1.0 0.97 ± 0.03 E2 
702.7 −− →22 20 10.9 ± 0.7 1.07 ± 0.05 E2 
763.7 −− →24 22 7.1 ± 0.5 1.00 ± 0.05 E2 
816.0 −− →26 24 4.2 ± 0.3 0.99 ± 0.03 E2 
863.1 −− →28 26 3.2 ± 0.2 0.95 ± 0.05 E2 
907.0 −− →30 28 1.8 ± 0.1 1.20 ± 0.07 E2 
954.3 −− →32 30 1.4 ± 0.1 1.09 ± 0.07 E2 
1007.1 −− →34 32 0.9 ± 0.1 1.36 ± 0.14 E2 
1072.4 −− →36 34 0.4 1.20 ± 0.22 E2 
1105.5 −− →38 36 0.1 1.29 ± 0.16 E2 
Band 5 
194.4 −− →9 7 10.3 ± 0.9
0.64 ± 0.09 0.13 ± 0.02 
1.08 ± 0.06 E2 































   
 











Table 4.2(continued): The DCO ratios and intensities of 168 Lu 
276.0 −− →11 9 21.4 ± 2.0
0.87 ± 0.12 0.19 ± 0.03 
1.24 ± 0.07 E2 
188.7 −− →11 10 24.6 ± 2.3 0.60 ± 0.05 M1 
358.9 −− →13 11 28.6 ± 1.0
1.74 ± 0.10 0.16 ± 0.01 
0.96 ± 0.05 E2 
244.4 −− →13 12 16.4 ± 0.6 0.71 ± 0.01 M1 
438.8 −− →15 13 38.3 ± 1.2
3.14 ± 0.14 0.15 ± 0.01 
1.11 ± 0.06 E2 
290.1 −− →15 14 12.2 ± 0.3 0.71 ± 0.02 M1 
513.1 −− →17 15 34.9 ± 1.1
3.32 ± 0.16 0.22 ± 0.01 
0.96 ± 0.04 E2 
321.2 −− →17 16 10.5 ± 0.3 0.64 ± 0.03 M1 
600.2 −− →19 17 8.3 ± 0.3 1.1 ± 0.06 E2 
586.0 −− →19 17 42.1 ± 1.5
42.96 ± 1.91 0.03 
1.13 ± 0.05 E2 
341.3 −− →19 18 0.9 0.61 ± 0.06 M1 
315.9 −− →19 18 7.4 ± 0.2 0.77 ± 0.03 M1 
641.6 −− →21 19 13.2 ± 0.5
8.81 ± 0.34 0.20 ± 0.02 
0.97 ± 0.04 E2 
348.8 −− →21 20 1.5 ± 0.1 0.66 ± 0.05 M1 
342.5 −− →21 20 7.3 ± 0.4 0.79 ± 0.10 M1 
Band 6 
296.7 (−) (−)
10 → 8 2.2 1.29 ± 0.16 E2 
419.2 (−) (−)
10 → 9 0.2 0.68 ± 0.08 M1 
358.5 (−) (−)
12 → 10 4.5 ± 0.2 1.23 ± 0.10 E2 
502.0 (−) (−)













































Table 4.2(continued): The DCO ratios and intensities of 168 Lu 
424.4 (−) (−)
14 → 12 6.8 ± 0.4 1.25 ± 0.07 E2 
567.0 (−) (−)
14 → 13 0.7 0.64 ± 0.08 M1 
491.6 (−) (−)
16 → 14 7.5 ± 0.5 0.95 ± 0.06 E2 
620.0 (−) (−)
16 → 15 0.8 0.59 ± 0.07 M1 
554.9 (−) (−)
18 → 16 8.1 ± 0.6 1.12 ± 0.07 E2 
615.2 (−) (−)
20 → 18 7.2 ± 0.6 0.94 ± 0.06 E2 
666.0 (−) (−)
22 → 20 5.7 ± 0.4 1.17 ± 0.07 E2 
710.8 (−) (−)
24 → 22 4.9 ± 0.4 1.18 ± 0.08 E2 
758.2 (−) (−)
26 → 24 4.0 ± 0.3 1.03 ± 0.07 E2 
808.7 (−) (−)
28 → 26 2.1 ± 0.1 1.04 ± 0.08 E2 
862.8 (−) (−)
30 → 28 1.4 ± 0.1 1.30 ± 0.18 E2 
910.6 (−) (−)
32 → 30 0.9 1.05 ± 0.14 E2 
Band 7 
258.5 9 + → 7 + 20.6 ± 0.7
1.64 ± 0.13 0.16 ± 0.01 
0.96 ± 0.04 E2 
144.1 9 + → 8 + 12.6 ± 0.9 0.81 ± 0.03 M1 
363.2 11 + → 9 + 57.2 ± 2.0
2.80 ± 0.14 0.22 ± 0.01 
1.06 ± 0.02 E2 
193.0 11 + → 10 + 20.5 ± 0.7 0.64 ± 0.05 M1 
447.9 13 + → 11 + 58.2 ± 1.7
9.20 ± 0.46 0.11 ± 0.01 
1.06 ± 0.02 E2 
232.7 13 + → 12 + 6.3 ± 0.2 0.79 ± 0.07 M1 
517.8 15 + → 13 + 53.7 ± 1.9
8.35 ± 0.42 0.17 ± 0.01 
1.05 ± 0.02 E2 


















   
   
   
   
    
     












Table 4.2(continued): The DCO ratios and intensities of 168 Lu 
573.7 17 + → 15 + 53.5 ± 1.9
7.31 ± 0.37 0.24 ± 0.01 
1.04 ± 0.04 E2 
289.2 17 + → 16 + 7.3 ± 0.2 0.81 ± 0.03 M1 
616.8 19 + → 17 + 42.5 ± 1.5
6.38 ± 0.33 0.34 ± 0.02 
1.16 ± 0.03 E2 
306.1 19 + → 18 + 6.7 ± 0.2 0.68 ± 0.04 M1 
653.2 21 + → 19 + 33.0 ± 1.2
11.11 ± 0.59 0.22 ± 0.01 
1.02 ± 0.04 E2 
320.9 21 + → 20 + 3.0 ± 0.1 0.76 ± 0.05 M1 
694.5 23 + → 21 + 25.0 ± 0.9
10.53 ± 0.57 0.27 ± 0.01 
1.02 ± 0.04 E2 
339.0 23 + → 22 + 2.4 ± 0.1 0.72 ± 0.05 M1 
747.2 25 + → 23 + 19.3 ± 0.6
13.00 ± 0.75 0.25 ± 0.01 
1.02 ± 0.03 E2 
368.6 25 + → 24 + 1.4 ± 0.1 0.66 ± 0.06 M1 
809.6 27 + → 25 + 12.4 ± 0.4 1.09 ± 0.03 E2 
876.1 29 + → 27 + 8.7 ± 0.3 1.08 ± 0.03 E2 
942.5 31 + → 29 + 5.4 ± 0.2 1.11 ± 0.03 E2 
1005.3 33 + → 31 + 3.6 ± 0.1 0.98 ± 0.04 E2 
1059.6 35 + → 33 + 2.5 ± 0.1 (E2) 
1109.1 37 + → 35 + 0.8 (E2) 
1082.5 37 + → 35 + 0.6 (E2) 
Band 8 
193.6 8 + → 6 + 14.0 ± 0.4
0.80 ± 0.04 0.08 ± 0.01 
1.16 ± 0.11 E2 
114.3 8 + → 7 + 17.4 ± 0.6 (M1) 
314.4 10 + → 8 + 51.5 ± 2.0
2.85 ± 0.16 0.15 ± 0.01 
0.99 ± 0.02 E2 

























   
   
   
   
     
     
     





Table 4.2(continued): The DCO ratios and intensities of 168 Lu 
408.2 12 + → 10 + 36.8 ± 1.2
5.94 ± 0.29 0.13 ± 0.01 
1.24 ± 0.14 E2 
215.4 12 + → 11 + 6.2 ± 0.2 0.64 ± 0.07 M1 
486.0 14 + → 12 + 41.3 ± 1.2
9.18 ± 0.41 0.13 ± 0.01 
0.98 ± 0.08 E2 
253.2 14 + → 13 + 4.4 ± 0.1 0.82 ± 0.04 M1 
549.9 16 + → 14 + 39.3 ± 1.2
8.73 ± 0.39 0.17 ± 0.01 
0.99 ± 0.05 E2 
284.8 16 + → 15 + 4.5 ± 0.1 0.65 ± 0.06 M1 
600.0 18 + → 16 + 33.1 ± 1.0
7.88 ± 0.37 0.23 ± 0.01 
1.06 ± 0.04 E2 
310.7 18 + → 17 + 4.2 ± 0.1 0.63 ± 0.05 M1 
638.6 20 + → 18 + 34.4 ± 1.1
7.32 ± 0.35 0.27 ± 0.01 
1.12 ± 0.04 E2 
332.5 20 + → 19 + 4.7 ± 0.1 0.68 ± 0.04 M1 
674.1 22 + → 20 + 17.1 ± 0.5
4.50 ± 0.22 0.49 ± 0.02 
0.98 ± 0.04 E2 
353.2 22 + → 21 + 3.8 ± 0.1 0.75 ± 0.04 M1 
718.7 24 + → 22 + 18.1 ± 0.6
7.87 ± 0.38 0.31 ± 0.02 
1.06 ± 0.04 E2 
378.6 24 + → 23 + 2.3 0.58 ± 0.07 M1 
775.4 26 + → 24 + 9.6 ± 0.3 0.94 ± 0.03 E2 
840.2 28 + → 26 + 6.2 ± 0.2 1.08 ± 0.05 E2 
907.7 30 + → 28 + 4.0 ± 0.1 1.07 ± 0.05 E2 
974.0 32 + → 30 + 3.0 ± 0.1 1.06 ± 0.07 E2 
1044.7 34 + → 32 + 1.3 (E2) 
1095.3 36 + → 34 + 0.7 (E2) 
1146.6 38 + → 36 + 0.3 (E2) 




    
    
 















   
   
   
   






Table 4.2(continued): The DCO ratios and intensities of 168 Lu 
Band 9 
146.0 (8 )+ → (7 + ) <0.5 (M1) 
330.4 (10 )+ → (8 + ) <0.5 (E2) 
173.0 (10 )+ → (9 + ) <0.5 (M1) 
419.2 (12 )+ → (10 + ) <0.5 (E2) 
215.5 (12 )+ → (11 + ) 0.8 ± 0.2 0.74 ± 0.06 (M1) 
517.2 (14 )+ → (12 + ) 1.3 1.02 ± 0.11 E2 
265.0 (14 )+ → (13 + ) 1.1 0.59 ± 0.04 M1 
585.1 (16 )+ → (14 + ) 2.0 ± 0.1 1.34 ± 0.14 E2 
296.0 (16 )+ → (15 + ) 1.4 ± 0.1 0.74 ± 0.07 M1 
589.8 (18 )+ → (16 + ) 3.5 ± 0.2 1.35 ± 0.05 E2 
625.3 (20 )+ → (18 + ) 3.1 ± 0.2 1.17 ± 0.03 E2 
679.9 (22 )+ → (20 + ) 3.5 ± 0.2 1.03 ± 0.03 E2 
734.9 (24 )+ → (22 + ) 2.7 ± 0.2 1.12 ± 0.08 E2 
788.6 (26 )+ → (24 + ) 2.3 ± 0.1 1.09 ± 0.06 E2 
844.7 (28 )+ → (26 + ) 1.4 ± 0.1 1.24 ± 0.12 E2 
906.1 (30 )+ → (28 + ) 1.1 1.36 ± 0.15 E2 
971.2 (32 )+ → (30 + ) 0.9 0.93 ± 0.02 E2 
1030.1 (34 )+ → (32 + ) 0.6 1.03 ± 0.09 E2 
1071.8 (36 )+ → (34 + ) 0.4 1.36 ± 0.18 E2 
1103.3 (38 )+ → (36 + ) 0.2 1.16 ± 0.16 E2 
 
 
    
    
 
    

























Table 4.2(continued): The DCO ratios and intensities of 168 Lu 
1145.8 (40 )+ → (38 + ) 0.3 (E2) 
Band 10 
300.5 (9 )+ → (7 + ) <0.5 (E2) 
156.6 (9 )+ → (8 + ) <0.5 (M1) 
379.6 (11 )+ → (9 + ) <0.5 (E2) 
204.5 (11 )+ → (10 + ) 0.7 ± 0.1 0.7 ± 0.1 M1 
467.5 (13 )+ → (11 + ) <0.5 (E2) 
252.0 (13 )+ → (12 + ) 0.9 ± 0.1 0.74 ± 0.07 M1 
553.9 (15 )+ → (13 + ) 0.9 ± 0.1 1.13 ± 0.12 E2 
289.0 (15 )+ → (14 + ) 0.8 ± 0.1 0.58 ± 0.07 M1 
585.1 (17 )+ → (15 + ) 2.5 ± 0.3 0.99 ± 0.10 M1 
600.3 (19 )+ → (17 + ) 4.5 ± 0.5 1.21 ± 0.16 E2 
649.1 (21 )+ → (19 + ) 4.0 ± 0.4 1.12 ± 0.13 E2 
704.8 (23 )+ → (21 + ) 4.6 ± 0.5 1.08 ± 0.11 E2 
760.0 (25 )+ → (23 + ) 3.5 ± 0.4 1.00 ± 0.11 E2 
815.8 (27 )+ → (25 + ) 3.0 ± 0.4 1.19 ± 0.14 E2 
876.7 (29 )+ → (27 + ) 1.8 ± 0.3 1.23 ± 0.15 E2 
941.1 (31 )+ → (29 + ) 1.4 ± 0.2 1.01 ± 0.11 E2 
1006.2 (33 )+ → (31 + ) 1.1 ± 0.2 1.12 ± 0.12 E2 






a) The less certain spin and parity assignments are indicated by parentheses. 
b) Relative intensities normalized to the 393.1 KeV ( ≡ 100) transition in the band 4. 
c) Branching ratio of γ  ray intensities λ ≡ Tλ (I → I − 2) /Tλ (I → I −1) . 
B(M1, I → I −1) [Eγ (I → I − 2)]
5 1 µN 
2 
d) = 0.693 . Eγ  is calculated in3 2 2 2B(E2, I → I − 2) [Eγ (I → I −1)] λ(1+ δ ) e b 
unit of MeV and assume mixing ratio δ =0. In most cases the error induced by this 
assumption is negligible compared to the uncertainties in the branching ratio λ . 
e) The less certain assignments without DCO ratio are indicated by parentheses. 



















5.1 THE TRANSITION PROBABILITIES 
The ratios of the reduced magnetic dipole and electric quadrupole transition 
B(M1, I → I − 1)probabilities, the values have been derived from experimental data for 
B(E2, I → I − 2) 
bands 1, 2, 4, 5, 7 and 8 and presented in Table 4.2. In order to determine the 
configurations of these bands, these ratios and theoretically calculated results are 
compared in Figure 5.1, Figure 5.2 and Figure 5.3. Theoretical estimate of the 
B(M1) / B(E2) ratio for the odd-odd nuclei can be obtained from the semi-classical 
formula developed by [33]. The following expressions were used: 
3 K 2 K K 2 K 2 2B(M1) = [(g p − gR )(Ω p 1− 2 − iP ) + (gn − gR )(Ωn 1− 2 − in )] µ N  (5-1)8π I I I I 
and 
2 2 2B(E2) = − 2K 
2 
Q0 e b       (5-2)  
Zwhere gR is the g-factor of the collective rotation defined by , and g p ( gn ) theA 
intrinsic g-factor of the quasiproton (quasineutron). The proton and neutron aligned 




















single particle (proton and neutron) angular momentum on the symmetry axis and 
3 2 1/ 3K= Ωn + Ω p . Q0 is defined by R β 2  and R = 1.23A . For 
168 Lu, we get Q0 =6.8 
e ⋅ b  from deformation β 2 ≈ 0.26 , which is estimated from the neighboring odd-A 
isotopes of Lu [36]. The calculated values are presented in Figure 5.1, 5.2 and 5.3 
together with the experimental ones. The structures of bands 1, 2, 4 and 5 are almost 
stable in the spin region, so that we just need one set parameters in the calculation. The 
parameters used for the [642]5 / 2+ neutron configuration are gn = - 0.34 [37], Ωn =2.5 
and in =3.5 [12]. The gR factor is fixed for this nucleus, 0.42. The parameters for
[514]9 / 2−  are: g p =1.29 [12], i p =0.5 [12], Ω p =4.5 (K=7.0); the parameters for 
[541]1/ 2−  are g p =0.76 [12], i p =3.5 [12], Ω p =0.5 (K=3.0). In Figure 5.1 and Figure 
5.2, we can see that the calculated ratios match the experimental ratios very well, which 
support our configuration assignments. 
The structure of Band 7 and Band 8 changes with the increasing frequency. We
should therefore use different in  and gR for different spin values as listed in Table 5.1. 
The other parameters are fixed with g =0.8 [38], i =0.0 [12], Ω =3.5 (K=6.0). Thep p p 
experimental values and calculated values with changed parameters are plotted in Figure 





























Figure 5.1: Comparison of the experimental and calculated  
B(M1, I → I −1) / B(E2, I → I − 2) ratios for the Band 1 and Band 2 
([514]9 / 2− ⊗ [642]5 / 2+ ).




























Figure 5.2: Comparison of the experimental and calculated  
B(M1, I → I −1) / B(E2, I → I − 2) ratios for the Band 4 and Band 5 
([541]1/ 2− ⊗ [642]5 / 2+ ).































Figure 5.3: Comparison of the experimental and calculated  
B(M1, I → I −1) / B(E2, I → I − 2) ratios for the Band 7 and Band 8 
([404]7 / 2+ ⊗ [642]5 / 2+ ).




   
   
   
   
   
   
   
   
























                     Table 5.1: Parameters for B(M1)/B(E2) calculation in Band 7 and 8 










5.2.1 THE TSD BAND (BAND 3)
To help the discussion, the related Nilsson-model diagrams are presented in 
Figure 5.4 and 5.5. The Quasiparticle routhians calculated by Cranked shell model are
also presented in Figure 5.6. Among all the ten bands, Band 3 has the highest dynamic
moment of inertia, indicative of a large deformation. The band possibly involves the
[660]1/ 2+ proton coupled with a quasineutron. In Figure 5.5, the proton orbital 


























Figure 5.4: Nilsson-model diagram ( plots of single-particle energy as a function of  







Figure 5.5: Nilsson-model diagram ( plots of single-particle energy as a function of  






























Figure 5.6: Quasiparticle routhians for neutrons and protons plotted as a function of 





























Figure 5.7: Comparison of dynamic moment of inertia between TSD band  




























































Figure 5.9: Kinetic moment of inertia of the first 6 bands (Band 3 is the TSD band) 
 
 
    
    
    
    




   
 




Table 5.2: Labels of quasiparticle configurations 
Spherical shell Nilsson orbitals Labels 
model states α = + 1/2 α = - 1/2 
πd5 / 2 π [402]5 / 2+ c d
πg 7 / 2 π [404]7 / 2+ a b
πh9 / 2 π [541]1/ 2− k l
πh11/ 2 π [514]9 / 2− e f
νi13 / 2 ν[642]5 / 2+ A B
deformation. In Figure 5.7, the dynamic moment of inertia of band 3, 4 and 7 have been 
J (2)presented. The values of the TSD band lie between 70 and 110 h 2 MeV −1 , but Band 
(2) 2 14 and Band 7 have the average J lower than 60 h MeV − . Because there is a BC
J (2)crossing in Band 7, the has a big spike between 200 KeV and 400 KeV. Figure 5.8 
compares the dynamic momentum of inertia of several odd- and even-N Lu isotopes. It 
can be seen that the known triaxial superdeformed (TSD) bands in other two odd-odd Lu 
,164 2)isotopes 162 Lu have similar J (  values as those of Band 3. 
The TSD band also has the biggest kinetic moment of inertia of all 10 bands. The 
J (1) moment of inertia diagram of the first 6 bands are shown in Figure 5.9. It may be
seen in Figure 5.9 that the TSD band has the biggest J (1) . The alignment of the first 6 
bands is plotted in Figure 5.10. In this figure, we can see that the TSD band experiences a 














shows the difference between the excitation energy and rigid rotor energy of the first 6 
bands and gives information about how much excitation energy is needed to achieve a 
particular spin. That means that smaller values correspond to larger deformation. The 
values for Band 3 (TSD band) lie below all other bands, reflecting that Band 3 has a 
larger deformation. The experimental routhians are presented in Figure 5.12. The 
absolute value of the slope ( ≈ –12 h ) of the routhian of Band 3 is approximately equal to 
the experimental alignment ( ≈ 12 h ) at hω ≈ 400 keV. 
The TSD band has an intensity of 2.2% relative to the total population of this 
reaction channel. This TSD band has been firmly linked to the normal deformed bands 
1,2, 4 and 5 (see the level scheme and corresponding coincidence relationships in Chapter
IV). 
5.2.2 BAND 1 AND BAND 2
Band 1 and Band 2 have been assigned the configuration of 
[514]9 / 2− ⊗ [642]5 / 2+ [21]. Using our short-hand labels, the corresponding 
quasiparticle configurations are fA and eA (see Table 5.2). The AB crossing is blocked in 
both bands, due to the presence of the A quasiparticle. In the Figure 5.13, the dynamic
J (2) J (2)moments of inertia ( ) of the first 5 bands are plotted. Because is very sensitive 
to changes in the deformation, the BC crossing in Band 2 is apparent at about 360 keV,
which is delayed compared to Band 7 and 8 (330 keV) and Band 9 and 10 (300 keV) (see 























































Figure 5.11: Excitation energy minus rigid rotor of the first 6 bands (Band 3 is the TSD 


























Figure 5.12: Routhians of the first 6 bands (Band 3 is the TSD band) 













crossing and thus the delayed crossing may reflect a larger deformation in Band 2. Band 
1 does not extend to sufficiently high spin where the BC crossing occurs. The
quasineutron (lower panel) and quasiproton (upper panel) routhian diagrams in Figure 5.6 
are calculated for N=96 with β 2 = 0.25 , β 4 = 0.0 ,γ = 0.0 . However, the deformation in 
168 Lu is bigger with β 2 ≈ 0.26, so that the observed crossing frequency is expected to be 
higher than that predicted in Figure 5.6, where the AB crossing is expected to occur at 
220 keV and the BC crossing at 310 keV. All proton crossings will happen at higher 
frequency compared to those of neutron crossings, so it is difficult to observe them in this
data. 
From Figure 5.10, the BC crossing can be clearly seen between 300 keV and 450 
keV with a smooth alignment and a increment of 6 h . This is consistent with the known
BC crossing of the [642]5 / 2+  band in 167 Yb[39] (See Figure 5.19). In Figure 5.11, Band 
2 lies midway between Band 3 (TSD band) and Band 4. As discussed above, we may 
therefore deduce from the diagram that Band 2 is more deformed that Band 4 and is less 
deformed than TSD band.  
Figure 5.12 shows the experimental routhian as a function of frequency. No 
apparent signature splitting between Band 1 and Band 2 is seen from the figure. 
5.2.3 BAND 4 AND BAND 5
Band 4 and Band 5 have been assigned the configuration [541]1/ 2− ⊗ [642]5 / 2+ 



































































maximally aligned with the rotation axis ( Ω p =1/2), the bands are called “semi-
decoupled”. Large signature splitting is expected since the wavefunction involves a 
highly aligned particle. This may be seen from the inset in Figure 5.12 where the 
signature splitting is nearly 50 keV between Band 4 and 5 at hω =150 keV. 
Band 4 has the configuration kB, so that the AB and BC band-crossings are both 
blocked. The CSM quasineutron routhian diagram for 167 Lu predicts an AD crossing at 
320 keV with an alignment of 5.4 h (Figure 5.6). Compared to that prediction for 167 Lu, 
the crossing should be delayed in 168 Lu due to larger deformation. For these reasons, the 
crossing which is evident in Figure 5.10 and 5.13 between 350 keV and 500 keV with 
alignment gain of nearly 4 h has been interpreted as AD crossing. There is also an AD 
crossing observed at 370 keV in Band B ([642]5 / 2+ ) of  167 Yb [39] with alignment gain 
of about 7 h (see Figure 5.19). There are several band crossings observed in 166 Hf [10]:
BC crossing at 380 keV ( ∆ix ≈ 3 h ), BE and BF at 320 keV ( ∆ix ≈ 3 h ). 
5.2.4 BAND 6
Band 6 is probably a doubly decoupled band, because there is only one signature 
sequence observed. This is the characteristic of bands where both proton and neutron 
have large signature splitting. From Figure 5.10, the alignment of Band 6 undergoes a 
gradual increase. This alignment pattern does not reflect any band crossings, although the 
band spans from 150 keV to 450 keV in frequency, where these crossings AB, BC or AD 
are expected to occur at a deformation of β 2 ≈ 0.26 . This makes it difficult to assign a 
configuration to this band. However it is possible that this band has a larger deformation,

















































































































Figure 5.18: Excitation energy minus rigid rotor of the last 4 bands  












5.2.5 BAND 7 AND 8
Band 7 and 8 are the yrast bands, and are more strongly populated compared to all 
other bands. They are built on the aA and bA configuration, so that the AB and AD 
crossings are expected to be blocked. Indeed neither of the above crossings is seen in the 
alignment plot of Figure 5.14. The alignment pattern for these bands, where ∆ix ≈ 6h , 
resembles that of BC crossings observed in neighboring nuclei: Band AF at 280 keV 
( ix 5 ) in 
166 Hf [10] and Band A at 310 keV ( ∆ix ≈ 6.5 h ) in 
167 Yb [39]. We∆ ≈ h 
therefore interpret this crossing as a BC crossing. At higher frequency ( hω >500keV) 
there is an onset of another bandcrossing. Two candidates for this crossing are ef and fg. 
These two crossings have been observed at about 580 keV in Band A of 167 Yb [39] and 
Band ABCD of 166 Hf [10] respectively. The fg crossing has been observed to be 
associated with an alignment gain of 6 h  [10], and the ef crossing with ∆ix ≈ 3.5 h [39]. 
The dynamical moment of inertia is very sensitive to the changes in deformation,
so that the crossing frequency can easily be seen in a plot of the J (2) moment of inertia 
(Figure 5.15). This diagram shows that the BC crossing of the yrast band occurs at about 
J (1)320 keV. In Figure 5.16, the kinetic moment of inertia also shows a sudden increase 
at this frequency. 
These two bands are built on neutron orbital A coupled to proton orbitals a and b. 
According to the upper panel of the quasiparticle routhian diagram Figure 5.6, a and b 
exhibit only a small signature splitting. Therefore it is not surprising to see no signature
splitting in the routhian diagram Figure 5.17. 
The EX − ERR values (the difference between the excitation energy and rigid rotor 

















(Figure 5.11). This suggests that the deformation of these two bands is smaller than the 
TSD band. 
5.2.6 BAND 9 AND 10
The configuration of Band 9 and 10 is uncertain and cannot be verified from 
B(M1)/B(E2) ratios since the bands are too weak. In the quasiparticle routhian diagram
Figure 5.6, [402]5 / 2+ is one of the lowest lying proton orbitals and [642]5 / 2+  is the 
lowest lying neutron orbital. Since no other band in 168 Lu is built on this configuration, 
π [402]5 / 2+ ⊗ν[642]5 / 2+  is a good candidate for this band. 
The alignment pattern of Band 9 and 10 shown in Figure 5.14 is very similar to 
that of Band 7 and 8. It is therefore likely that Band 9 and 10 also undergo the BC 
crossing. From the same alignment plot, it appears that the A quasiparticle could be 
involved in the band structure. Based on this argument, the configuration cA, dA is 
suggested for Band 9 and 10. One difference between Band 7, 8 and 9, 10 is that the BC 
crossing in Band 9 and 10 ( hω ≈ 300 keV) is earlier compared to that of Band 7 and 8 
( hω ≈ 320 keV), as may be seen in the singularity in the J (2) plot Figure 5.15. This is
probably due to the smaller deformation introduced by the upsloping proton orbital





























Figure 5.19: The comparison of alignments among 169 Lu [40], 167 Lu [17],



























Figure 5.19 (continued): The comparison of alignments among 169 Lu [40], 167 Lu 












In the routhian diagram Figure 5.17, there is no signature splitting seen. This is 
consistent with the tentative configuration assigned above. (Refer to the argument of the 
last subsection and Figure 5.6.) 
5.2.7 COMPARISON WITH THE NEIGHBORING NUCLEI
Figure 5.19 compares the alignment patterns of bands 2, 4, 7, 8, 9 and 10 in 168 Lu 
with those of bands in similar structures in 167 Lu,169 Lu,167 Yb and 169 Hf. Some bands in 
the N=97 isotones 169 Hf, 168 Lu and 167 Yb have identical neutron configurations. For 
example, bands based on ν [642]5 / 2+  occur in all these three nuclei. 
167 Yb has two bands built on this neutron orbital: one of them involves 
quasiparticle A (represented by the open circles) and experiences a BC crossing, while 
the other involves quasiparticle B (represented by the filled circles) and experiences the 
AD crossing. The crossing frequency and the shape of the BC crossing in Band A are 
similar to those of Band 2 (eA), 7(aA), 8(bA), 9(cA) and 10(dA) in 168 Lu, where the 
configurations of the bands are in parentheses. Also the crossing frequency and the shape
of the AD crossing in Band B are similar to those of Band 4(kB). The other three bands
of 167 Yb exhibit the AB crossing. The AB crossing is not evident in 168 Lu because all the 
bands in 168 Lu involve the A or B quasiparticle. At the frequency hω ≈ 580 keV, there is
an ef proton crossing in bands A, B and E in 167 Yb, which is also seen in bands 7 
(aABC), 8 (bABC), 9 (cABC) and 10 (dABC) of 168 Lu. 
169 Hf also has two bands of A and B built on ν[642]5 / 2+ , and the alignment 
patterns of these two bands are represented by open and filled circles respectively in








B experiences the AD crossing. The above crossings are also observed in Band A and B 
in 167 Yb respectively. All the other four bands (E,F,G,H) in 169 Hf experience the AB
crossing. 
168 Lu, 167 Lu and 169 Lu all have bands built on proton configuration [514]9 / 2− ,
[404]7 / 2+ , [541]1/ 2−  and [402]5 / 2+ . All the four one-quasiproton bands in 169 Lu and 
167 Lu experience the AB crossing, because the bandhead configurations do not involve 
quasineutrons. In 168 Lu, the nucleus has an unpaired neutron and an unpaired proton so 
















This work is based on coincidence data acquired in the experiment performed in 
Lawrence Berkeley National Laboratory (LBNL) using Gammasphere. It comprises a 
spectroscopic investigation of high-spin states and a triaxial superdeformed band in the 
nucleus 168 Lu. 
The identification of bands was based on the coincidence relationships between 
the γ -rays and the previous observed level scheme. One TSD band was identified, based 
on its large dynamic moment of inertia compared to other normal deformed bands and its 
I πcharacteristic alignment pattern. This band was extended to =50 − and has been firmly 
linked to the normal deformed structures.  
The yrast band, comprising two signature-partner sequences linked by M1/E2 
I πcascade transitions, was extended up to spin =40 + . The experimental B(M1)/B(E2) 
ratios agree with calculated theoretical values, thus supporting the configuration 
π [404]7 / 2+ ⊗υ[642]5 / 2+ assigned to this band in reference [20]. The semi-decoupled 
I π −band, also including two signature-partner sequences, was extended up to =36 . The 
experimental B(M1)/B(E2) ratios agree with the calculated values for the configuration
π [541]1/ 2− ⊗υ[642]5 / 2of 
+ 











π [514]9 / 2− ⊗υ[642]5 / 2+ − as were extended to high spin of 43 . A comparison of the 
theoretical and experimental B(M1)/B(E2) ratios for these bands was found to be 
consistent with such a configuration alignment. 
In addition, another strongly coupled pair of signature partner bands was
168 +I πidentified in Lu. They were extended to =40 . The configuration 
π [402]5 / 2+ ⊗υ[642]5 / 2+ was tentatively suggested for this band based on the routhian 
information and alignment pattern (see the argument in Chapter V). However, these
bands have not been linked to other bands yet due to very weak intensity. A newly 
identified doubly decoupled band, extending to spin 32, has been firmly linked to the 
semi-decoupled band.  
Finally, the DCO ratios and intensities were determined for most of the γ -rays.
The angular distribution measurements were performed for some γ -rays in this work for 
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Step 1: Examine the gating conditions of the band to be measured and construct a gate list; 
Step 2: Use program “onegate” to scan the databases. The program “onegate” was modified  
from Sheik_yerbouti.c. The outputs of “onegate” are two 4096*4096 matrixes with 
energy calibration parameters of 0.33333333 kev/channel: forward.mat and 
midmat.mat;  
Step 3: Use the program “slice” to slice the two matrixes to get the total projection spectra 
on the two axes. Use “gf3” to read the total projection spectra, and use the command 
“bg” to generate the smooth background spectra; 
Step 4: Use the program “subbgmat” to subtract the two-dimensional smooth matrix 
background, and get the background-subtracted matrixes. When running this program, 
the total projection spectra and one-dimensional smooth background spectra are 
required as inputs. In addition, a unit efficiency spectrum is needed. Because this 
program will overwrite the original matrix, it is better to make a copy of the matrix 
beforehand; 
Step 5: The program “subbgmat’ divides the matrix by a factor in the process, the same factor
should be multiplied to the matrix using the program “m2mat”;  
Step 6: In “gf3”, use the command “sl” and “wi” to generate a file of gate list (the .win  
file);  
Step 7: Use “slice” and the *.win files to slice the matrix, and get the intermediate spectra.  
Then divide the spectra by the corresponding efficiency spectra to get the final spectra. 
Bas on these final spectra, extract the peak areas of interests for different rings of 


























































Step 1: Set a gate list; 
Step 2: Run the program “speedco_mat” to scan the databases and create the correlation  
matrices. The outputs of this program are eight 2048*2048 matrixes with energy  
calibration parameters of 0.33333333 kev/channel: expa_#_#_#.mtx. 
Step 3:Run the command file “convert.com” to convert those eight matrices to twelve matrix 
files named “expa_###.mtx” and projections “expa_###.prx” and “expa_###.pry”. 
Step 4: Use command file “Cl” to run the program “Claymore” to extract the correlations;  
the spectrum has a dispersion of 0.66666 keV /channel. From the menu bar choose  
“fifi cut” to make cuts.  
Step 5: Edit the log file to create file bandx_cut_fit_gating. There are twelve lines for the  
fitted areas and errors from the twelve correlation matrices. 
Step 6: Copy the file bandx_cut_fit_gating to corresponding directory and rename it to 



























































Step 1: Set a gate list; 
Step 2: Run the program “rebel”, which is modified to read the database instead of the tapes; 
Step 3: Run the program “rebel_ana” to analyze the output of “rebel” *.rmf, then the seventeen 
spectra “angsum-*-*.spe” are extracted. See reference [32] for more detailed 
information about “rebel” and “rebel_ana”;   
Step 4: Divide all the spectra by corresponding efficiency curves, and combine the  
corresponding spectra to a spectrum according to the angle;  
Step 5: The areas of the peaks of interest are fitted using the program “gf3”. For each peak, all  
the fit results are saved in the order of angle and edited to corresponding .eng files; 



















 APPENDIX D: 




















Step 1: Select strong and clean gating transitions, make a gate list: the matrices used for DCO  
ratio measurements are single-gated matrices; 
Step 2: Use the program “matedco” to scan the database and to build the matrix “dcomat.mat”. 
A event is placed in the matrix if there is a coincidence between a detector in group x, 
including detectors in rings 2, 3, 15, 16 and 17, and a detector in group y, including 
detectors in rings 5, 6, 7, 8, 9, 10, 11, 12, 13; 
Step 3: Use the program “slice” to slice the matrix to get the total projection spectra on the two 
axes. Use “gf3” to read the total projection spectra, and use the command “bg” to 
generate the smooth background spectra; 
Step 4: Use the program “subbgmat” to subtract the smooth matrix background, and get the  
background-subtracted matrices. When running this program, the total projection 
spectra and smooth one-dimension background spectra are required as inputs. In 
addition, a unit efficiency spectrum is also required;
Step 5: Based on background-subtracted matrices and the output factor of the “subbgmat”, the 
 program “m2mat” is used to multiply the factor back; 
Step 6: Use the command “sl” and “wi” in “gf3” to generate a gate list (the .win file);  
Step 7: Use the program “slice” and the  “*.win” file to slice the matrix, and get the final   
spectra. Based on these final spectra, get the areas of peaks of interests; 
Step 8: Calculate the ratio of the peak areas obtained from the x- and y- directions. 
